We consider a supersymmetric grand unified model which leads to hybrid inflation and solves the strong CP and µ problems via a Peccei-Quinn symmetry, with the Peccei-Quinn field acting as a curvaton generating together with the inflaton the curvature perturbation. The model yields an isocurvature perturbation too of mixed correlation with the adiabatic one. Two choices of parameters are confronted with the Wilkinson microwave anisotropy probe and other cosmic microwave background radiation data. For the choice giving the best fitting, the curvaton contribution to the amplitude of the adiabatic perturbation must be smaller than 67% at 95% confidence level and the best-fit power spectra are dominated by the adiabatic inflaton contribution. This case is disfavored relative to the pure inflaton scale-invariant case with odds of 50 to 1. For the second choice, the adiabatic mode is dominated by the curvaton, but this case is strongly disfavored relative to the pure inflaton case (with odds of 10 7 to 1). Thus, in this model, the perturbations must be dominated by the adiabatic component from the inflaton.
INTRODUCTION
The usual assumption [1, 2] in inflationary cosmology is that the density perturbation is generated solely by the slowly rolling inflaton field and is, thus, expected to be purely adiabatic and Gaussian. However, lately, the alternative possibility [3, 4] that the adiabatic density perturbations originate from the inflationary perturbations of some other "curvaton" field which is also light during inflation has attracted much attention. In this case, appreciable isocurvature perturbations [4, 5] in the densities of the various components of the cosmic fluid as well as significant non-Gaussianity can arise. The main reason for advocating this curvaton hypothesis is that it makes [6] the task of constructing viable inflationary models much easier, since it liberates us from the restrictive requirement that the inflaton is responsible for the curvature perturbation.
The standard curvaton hypothesis [3, 4] , which insists that the total curvature perturbation originates solely from the curvaton, can also be quite restrictive and not so natural. Indeed, in this case, one needs to impose [6] an upper bound on the inflationary scale in order to ensure that * lazaride@eng.auth.gr the perturbation from the inflaton is negligible. This bound can be quite strong if the slow-roll parameter ǫ is small. Moreover, in generic models, one expects that all the scalars which are essentially massless during inflation contribute to the total curvature perturbation. So, in the presence of a curvaton, it is natural to assume that the adiabatic density perturbation is partly due to this field and partly to the inflaton. Finally, the recent measurements on the cosmic microwave background radiation (CMBR) by the Wilkinson microwave anisotropy probe (WMAP) satellite [7] have considerably strengthened [8, 9, 10 ] the bound on the isocurvature perturbation. Thus, the viability of many curvaton models is in doubt.
We, thus, take [11] a more liberal and natural attitude allowing a significant part of the total curvature perturbation to originate from the inflaton. We can then hopefully relax the tension between curvaton models and the WMAP data without losing the main advantage of the curvaton hypothesis, which is that it facilitate the construction of viable inflationary models.
THE PARTICLE PHYSICS MODEL
In order to explore this possibility, we take [11] the concrete supersymmetric (SUSY) grand uni-fied theory (GUT) model of Ref. [12] , which is based on the left-right symmetric gauge group G LR = SU(3) c × SU(2) L × SU(2) R × U(1) B−L . This model leads [12] naturally to standard SUSY hybrid inflation [13, 14] , which is the most promising inflationary scenario. It also solves simultaneously the strong CP and µ problems via a PecceiQuinn (PQ) symmetry. The PQ field, which breaks spontaneously the PQ symmetry, can act as curvaton (see Ref. [15] ).
The SU(2) L doublet left-handed quark and lepton superfields are denoted by q i and l i respectively, whereas the SU(2) R doublet antiquark and antilepton superfields by q 16 GeV, is achieved through the superpotential
THE PQ FIELD EVOLUTION
In the early universe, the PQ potential can acquire sizable corrections from the SUSY breaking caused by the presence of a finite energy density [13, 19, 20] . These corrections are particularly important during inflation and the subsequent inflaton oscillations. We will ignore the A term type corrections [20] . To leading order, we then just obtain a correction δm 2 φ = γ 2 H 2 (assumed to be positive) to the mass 2 of the curvaton, where H is the Hubble parameter and the dimensionless constant γ can have different values during inflation and inflaton oscillations. We assume that δm 2 φ is (somewhat) suppressed, which can be [21] the case for specific (no-scale like) Kähler potentials. For simplicity, during inflation where the cancellation of δm 2 φ can, in principle, be "naturally" arranged to be exact (see fourth paper in Ref. [21] ), we take γ = 0. During inflaton oscillations, on the other hand, we choose γ = 0.1. After reheating, the universe is radiation dominated and, thus, H ≃ 1/2t ≤ 1/2t reh = Γ infl /2, where t is the cosmic time and t reh = Γ −1 infl the time at reheating with Γ infl being the inflaton decay width. The reheat temperature T reh is [2] T reh = 45
where g * is the effective number of massless degrees of freedom (g * = 228.75 for the MSSM spectrum). It should satisfy [22] the gravitino constraint: T reh ≤ 10 9 GeV. The PQ potential can acquire temperature corrections too both during the era of inflaton oscillations (from the so-called "new" radiation [23] emerging from the decaying inflaton) and certainly after reheating. It has been shown [15] , however, that these corrections are always subdominant and can be ignored.
The full effective scalar potential for the PQ field in the early universe is given by
whereas the full effective scalar potential V relevant for our analysis is obtained by adding to V eff PQ the potential for standard SUSY hybrid inflation (see e.g. Ref. [2] ). The evolution of φ is generally governed by the classical equation of motion
where overdots and primes denote derivation with respect to t and the PQ field φ respectively. This equation holds [24] during inflation for the mean field in a region of fixed size bigger than the de Sitter horizon provided that the quantum fluctuations of φ do not overshadow its classical kinetic energy. This requires [25] that the value φ f of φ at the end of inflation exceeds a certain value φ Q given by
where H infl is the almost constant Hubble parameter during inflation. We exclude the "quantum regime" (i.e. φ f < φ Q ), where the calculation of the curvaton spectral index is not [11] so clear. For φ to receive a super-horizon spectrum of perturbations from inflation and thus be able to act as curvaton, we must make sure that this field is effectively massless, i.e. V ′′ ≤ H 2 , during (at least) the last 50 − 60 inflationary e-foldings. This requirement, which also guarantees that φ is slowly rolling during the relevant part of inflation and emerges with vanishing velocity at the end of inflation, yields an upper bound on φ f .
The subsequent evolution of φ during inflaton oscillations is given by Eq. (10) with H = 2/3t. One finds [15] that, depending on the value of φ f , the PQ system eventually enters into damped oscillations about either the trivial (local) minimum of V PQ at φ = 0 or one of its PQ (absolute) minima at φ = ±f a . Of course, values of φ f leading to the trivial minimum must be excluded.
The damped oscillations of φ continue even after reheating, where H becomes equal to 1/2t, until φ decays via the second coupling in the RHS of Eq. (2) into a pair of Higgsinos provided that their mass µ does not exceed half of the mass m φ of φ (see Ref. [15] ), which is equal to
and is independent of λ. The decay time of the PQ field is t φ = Γ −1 φ , where Γ φ is its decay width, which has been found [15] to be given by
Note that the coherently oscillating PQ field could evaporate [26] as a result of scattering with particles in the thermal bath before it decays into Higgsinos. However, one can show [15] that, in our model, this does not happen.
THE CURVATURE PERTURBATION
The perturbation δφ acquired by φ during inflation evolves at subsequent times and, when φ settles into damped quadratic oscillations about the PQ vacua, yields a stable perturbation in the energy density of this field. After the PQ field decays, this perturbation is transferred to radiation, which also carries a curvature perturbation from the inflaton. So, the total curvature perturbation is of mixed origin.
The total curvature perturbation on unperturbed hypersurfaces is given by
where ρ and p are the total energy density and pressure, and δρ the total density perturbation. After the curvaton decay, it becomes [5] 
where ζ i = δρ r /4ρ r and ζ c = δρ φ /3ρ φ are the partial curvature perturbations on spatial hypersurfaces of constant curvature from the inflaton and the curvaton respectively at the curvaton decay with ρ r and ρ φ being the radiation and φ energy densities respectively, and δρ r and δρ φ the corresponding perturbations. Also,
evaluated at the time of the curvaton decay, and ζ c = 2δφ 0 /3φ 0 , where φ 0 is the amplitude of the quadratic oscillations of φ and δφ 0 the perturbation in φ 0 originating from the perturbation δφ f in φ f at the end of inflation.
The comoving curvature perturbation R rad , for super-horizon scales, is given by
where k is the comoving (present physical) wave number, H 0 = 100h km sec −1 Mpc −1 is the present Hubble parameter andâ i ,â c are independent normalized Gaussian random variables. Also, A i and A c are, respectively, the amplitudes of −ζ i and −ζ c at k = H 0 , and ν i and ν c are the spectral tilts of the inflaton and curvaton respectively. The corresponding spectral indices are n i = 1 + 2ν i and n c = 1 + 2ν c . We do not consider running of the spectral indices, since this is negligible in our model.
The amplitude A i of the partial curvature perturbation from the inflaton is [12] 
with
Here, N Q is the number of e-foldings suffered by our present horizon during inflation, x Q = S Q /M with S Q being the value of |S| when our present horizon crosses outside the inflationary horizon, and x f = S f /M with S f being the value of |S| at the end of inflation. The slow-roll parameters for the inflaton are [2] 
where z = x 2 with x = |S|/M . In the presence of the curvaton, the slow-roll conditions take the form ǫ, |η i | ≤ 1, where
and x f corresponds to η i = −1. For κ ≪ 1, x f is "infinitesimally" close to unity and we can put x f = 1 in Eq. (20) . For larger values of κ, inflation can terminate well before reaching the instability point at x = 1. Finally, κ, N Q are given by [2] 
GeV (26) and n i = 1 − 6ǫ+ 2η i ≃ 1 + 2η i , where ǫ and η i are evaluated at the time t * when our present horizon scale crosses outside the inflationary horizon.
To calculate the amplitude A c of the partial curvature perturbation from the curvaton, we take the perturbation δφ * = (H * /2π)â c acquired by φ from inflation at t * (H * is the value of H at t * ) and follow its evolution until the end of inflation, where we find δφ f . To this end, we consider the equation of motion for φ during inflation (see Eq. (10)) in the slow-roll approximation, which holds for the curvaton too:
Taking a small perturbation δφ of φ, this gives
which using Eq. (27) and the Friedmann equation, becomes
where
Integration of Eq. (29) from t * until the end of inflation (at time t f ) yields
where we used the relation dN = −Hdt for the number of e-foldings N (k) = N Q + ln(H 0 /k) suffered by the scale k −1 during inflation. For each φ f , we construct the perturbed field φ f + δφ f . We then follow the evolution of φ f and φ f + δφ f until the time t φ of the curvaton decay and evaluate δρ φ /ρ φ at this time. The amplitude A c is given by
We have found numerically that the perturbation δφ 0 in the amplitude of the oscillating curvaton at t φ is proportional to δφ f . So ζ c has the same spectral tilt as δφ f , which can be found from Eq. (31):
where we used the relation d ln k = Hdt, and ǫ, ǫ c and η c are evaluated at t * . The curvaton spectral index is n c = 1 − 2ǫ − 2ǫ c + 2η c ≃ 1 + 2η c .
ISOCURVATURE PERTURBATIONS
At reheating, gravitinos are thermally produced and decay well after the big bang nucleosynthesis (BBN) into a particle and a sparticle, which subsequently turns into a (stable) lightest sparticle (LSP) contributing to the relic abundance of cold dark matter (CDM) in the universe. For simplicity, we assume that there are no thermally produced LSPs. Baryons are produced via a primordial leptogenesis [27] occurring [28] at reheating. So, both the LSPs and the baryons originate from reheating and, thus, inherit the partial curvature perturbation of the inflaton, i.e.
The isocurvature perturbation of the LSPs and the baryons is then
where ζ LSP+B = ζ LSP = ζ B is the partial curvature perturbation of the LSPs and the baryons and we used Eq. (15) . Here, we assume that the curvature perturbation in radiation (ζ γ ) practically coincides with the total curvature perturbation. This corresponds to a negligible neutrino isocurvature perturbation, which is [5] the case provided that leptogenesis takes place well before the curvaton decays or dominates the energy density. Applying the definitions which follow Eq. (17), S LSP+B becomes equal to
The model contains axions which can also contribute to CDM. They are produced at the QCD phase transition well after the curvaton decay and carry an isocurvature perturbation
where A a is its amplitude at the present horizon scale, ν a its spectral tilt (giving the spectral index n a = 1 + 2ν a ) andâ a a normalized Gaussian random variable independent fromâ i andâ c . The amplitude A a is given by [15] A
where θ is the initial misalignment angle, i.e. the phase of the complex PQ field during inflation, and φ * is the value of φ at t * . In our case, θ lies [15] in the interval [−π/6, π/6] and is determined from the total CDM abundance Ω CDM h 2 which is the sum of the relic abundance [29] Ω LSP h 2 ≃ 0.0074
of the LSPs and the relic axion abundance [30 ]
Here Ω j = ρ j /ρ c with ρ j being the present energy density of the jth species and ρ c the present critical energy density of the universe, and m LSP is the LSP mass. The spectral tilt ν a is evaluated by observing [11] that A a depends on the scale only through H * /φ * . We find
where the ǫ and ǫ c are evaluated at t * . The axion spectral index is n a ≃ 1 + 2m P √ 2ǫ c /φ * .
Combining Eqs. (36) and (37), we find that the total isocurvature perturbation is [15] 
where we used the definitions Ω LSP+B ≡ Ω LSP + Ω B and Ω m ≡ ρ m /ρ c = Ω LSP+B + Ω a with ρ m being the total matter density at present.
THE CMBR POWER SPECTRUM
We will now calculate the total CMBR angular power spectrum C ℓ at the customarily used [31] pivot scale k P = 0.05 Mpc −1 . We thus define the amplitudes of the partial curvature perturbations from the inflaton (A P,i ) and the curvaton (A P,c ), and the amplitude of the isocurvature perturbation in the axions (A P,a ) at k = k P :
The amplitude squared of the adiabatic perturbation at k P is then given by
where R rad is evaluated at k P , and the inflaton (R 
The curvaton fractional contribution to R is
The amplitude squared of the isocurvature perturbation at k P is found from Eq. (42) to be
are, respectively, the inflaton, curvaton, and axion contributions to this amplitude squared. The cross correlation between the adiabatic and isocurvature perturbation at k P is
are the contributions from the inflaton and the curvaton respectively. The axions do not contribute to the cross correlation (and the amplitude of the adiabatic perturbation). Also, the isocurvature perturbation from the inflaton is fully anti-correlated with the corresponding adiabatic perturbation, whereas the isocurvature perturbation from the curvaton is fully correlated with the adiabatic perturbation from it. So the overall correlation is mixed. It is thus useful to define [32] the dimensionless cross correlation cos ∆ and the entropy-to-adiabatic ratio B at k P :
The total CMBR power spectrum is given, in the notation of Ref. [33] , by the superposition
These relations hold for the temperature (TT), Epolarization and temperature-polarization (TE) cross correlation angular power spectra.
As an indicative (approximate) criterion to get a first rough feeling on the possible compatibility of our model with the data, we apply the cosmic microwave background explorer (COBE) constraint [34] on the TT power spectrum C 
(R
which is accurate to about 10 − 20% in the SachsWolfe (SW) plateau, i.e. for ℓ ≤ 20 (see e.g. Ref. [33] ). Here the function f (n, ℓ) is equal to
with η 0 = 2H
3 Mpc being the present conformal time.
NUMERICAL CALCULATIONS

The evolution of the curvaton
We are now ready to proceed to the numerical study of the evolution of the PQ field during and after inflation. To this end, we fix κ in the superpotential δW 1 in Eq. (1). Then, for any given value of A i , we solve Eqs. (18), (25) and (26), where x f is the solution of η i = −1 with η i given by Eq. (22) and T reh , which enters Eq. (26), is taken equal to 10 9 GeV by saturating the gravitino bound [22] . We thus determine the mass parameter M , which is the G LR -breaking VEV. Subsequently, we find the (almost constant) inflationary Hubble parameter H infl = κM 2 / √ 3m P . For any given A i , we take a value φ f of φ at the end of inflation (at t f = 2/3H infl ). We then solve the slow-roll classical equation of motion for the field φ during inflation going backwards in time (t ≤ t f ) by taking m 3/2 = 300 GeV, |A| = 5 and a fixed λ (∼ 10 −4 ) in the PQ potential. Finally, we put γ = 0 during inflation. We find that, as we move backwards in time, φ increases and becomes infinite at a certain moment. The number of efoldings elapsed from this moment until the end of inflation is finite providing an upper bound N max on the number of e-foldings which is compatible with φ = φ f at t f .
To understand this behavior, we approximate the potential V by V ≃ λ 2 φ 6 /32m inflation can then be solved analytically yielding
where ∆t = t − t f ≤ 0. As ∆t → ∆t min ≡ −4m
f , φ → ∞, which implies that the maximal number of e-foldings allowed for a given φ f is N max ≃ −H infl ∆t min = 4m
f . We must first require that N max ≥ N Q . The time t * is then found from N Q = H infl (t f − t * ). Furthermore, we demand that, at t * , V ′′ ≤ H 2 infl , which ensures that this inequality holds for all times between t * and t f . This guarantees that φ is effectively massless during inflation and can act as curvaton. It also justifies the use of the slow-roll approximation and ensures that the velocity of φ at the end of inflation is negligible. This masslessness requirement yields an upper bound on φ f for every A i and fixed κ and λ. The excluded region in the A i − φ f plane for fixed κ and λ is depicted as a red/dark shaded area in the upper part of this plane. In Figs. 1  and 2 , we show this upper red/dark shaded area for κ = 3 × 10 −3 , λ = 10 −4 (model A) and κ = 3 × 10 −2 , λ = 10 −4 (model B) respectively. The lower red/dark shaded area corresponds to the quantum regime and is also excluded.
We start from any given φ f at t f not excluded by the above considerations and assume zero time derivative of φ at t f . We then follow the evolution of φ for t ≥ t f by solving the equation of motion in Eq. (10) with H = 2/3t for t f ≤ t ≤ t reh and H = 1/2(t − t reh /4) for t reh ≤ t ≤ t φ . The time of reheating t reh is found from Eq. (8) with g * = 228.75 and the curvaton decay time t φ from Eq. (13) with β from Eq. (6), where we put µ = 300 GeV. We take γ = 0.1 after the end of inflation. We find that, for fixed κ and λ, there exist two bands in the A i − φ f plane leading to the PQ vacua at t φ . They are depicted as an upper and a lower green/lightly shaded band (see Figs. 1 and 2) . The white (not shaded) ar-eas in the A i − φ f plane lead to the false (trivial) minimum at φ = 0 and thus must be excluded.
The calculation of C ℓ
For any fixed κ and λ, we take a grid of values of A i and φ f which span the corresponding upper or lower green/lightly shaded band. For each point on this grid, we consider φ f and its perturbed value φ f + δφ f and follow the evolution of both these fields until curvaton decay (at t φ ), where we evaluate the amplitude of δρ φ /ρ φ . The amplitude A c is then given by Eq. (32) . For the Monte Carlo (MC) analysis, we use A i and A c (rather than A i and φ f ) as base parameters and limit our grid to A i ≤ 6 × 10 −5 . The indices n i and n c for each point on the grid are found from Eqs. (21) and (22) applied at x = x Q , and Eqs. (24), (30) and (33) applied at t * . The fraction f in Eq. (16) is evaluated at t φ . The amplitude A a of the isocurvature perturbation in the axions is calculated from Eq. (38) with the initial misalignment angle θ evaluated, for any given total CDM abundance Ω CDM h 2 = Ω LSP h 2 + Ω a h 2 , by using Eqs. (39) and (40) with m LSP = 200 GeV. For our choice of parameters, the LSP relic abundance is fixed (≃ 0.0074). The spectral index for axions is found from Eq. (41).
In summary, for any fixed κ and λ, we take a grid in the variables A i and A c covering the upper or lower green/lightly shaded band. For any Ω B h 2 and Ω a h 2 , we then calculate the amplitudes squared of the adiabatic and isocurvature perturbations from Eqs. [35] , which has an impact less than 3% on our results. Clearly, we do allow H 0 to vary in the MC analysis.
Before deploying the full MC machinery to derive constraints on the parameters, it is instructive to obtain a first rough idea about the viability of our model by using the approximate expressions in Eqs. (57) and (58) for the temperature SW plateau and requiring that the COBE constraint in Eq. (56) is fulfilled. To this end, we take Ω B h 2 = 0.0224 and Ω CDM h 2 = 0.1126, which are the best-fit values from WMAP [7] . We find that the COBE constraint cannot be satisfied in the lower green/lightly shaded band in the A i − φ f plane for any κ and λ. The reason is that the relatively low values of φ * in this band combined with the sizable relic abundance of the axions leads to an unacceptably large axion contribution to the RHS of Eq. (57). In the upper green/lightly shaded band in the A i − φ f plane, on the contrary, the COBE constraint is easily satisfied. The resulting solution is depicted by a blue/solid line (see Figs. 1 and 2 ).
The MC analysis
We proceed to the full MC analysis confronting the predictions of our model with the CMBR data. We use a version of the Markov chain MC package cosmomc [36] as described in Ref. [37] . The adiabatic and isocurvature CMBR transfer functions are computed in two successive calls similarly to Ref. [38] . For fixed κ and λ, the initial conditions are fully specified by A i and A c . The MC sampling takes as free parameters the A i and A c , the present baryon and axion abundances ω B ≡ Ω B h 2 and ω a ≡ Ω a h 2 , the present dimensionless Hubble parameter h, and the redshift z r at which the reionization fraction is a half. All other derived quantities are computed from the above parameter set. In particular, the total CDM abundance is ω CDM ≡ Ω CDM h 2 = ω LSP + ω a , where ω LSP ≡ Ω LSP h 2 ≈ 0.0074 = constant. Also, since we take flat cosmologies only, the cosmological constant energy density Ω Λ (in units of ρ c ) is a derived parameter, i.e. Ω Λ = 1 − (ω CDM + ω B )/h 2 . The gravitational waves are negligible. In summary, for fixed κ and λ, our parameter space is six dimensional:
We compare the predicted CMBR TT and TE power spectra to the WMAP first-year data [7] with the routine for computing the likelihood supplied by the WMAP team [39] . At a smaller angu- The red/medium gray line is for the pure inflaton case with n i = 1, plotted here for comparison. Model A is quite close to the pure inflaton case. Model B displays a preference for non-zero curvaton contribution. Its quality of fit is, however, poorer. We also display as dotted smoothed curves the values of the mean posterior. All the curves are normalized at their peak value. lar scale, we add the cosmic background imager (CBI) [40] and the decorrelated arcminute cosmology bolometer array receiver (ACBAR) [41] band powers as well. We use flat top-hat priors on the base parameters
The limits of the top-hat priors do not matter for parameter estimation, as long as the posterior density is negligible near the limits. However, the prior range of the accessible parameter space plays an important role in computing the Bayes factor for model testing. We limit the maximum range of h by imposing a top-hat prior 
where h 0 = 0.72 and σ = 0.08, by multiplying the likelihood function for the CMBR data by the above Gaussian likelihood. By trying different priors, we find [11] that the broad lines of the constraints for the PQ model are robust with respect to the choice of non-informative priors. We will examine in some detail the models A and B, which are representative cases of the two possible behavior patterns of our PQ model. We first consider the upper green/lightly shaded band of these models. The 1-dimensional (1D) marginalized posterior distributions for the base and most of the derived parameters are plotted, respectively, in Figs. 3 and 4 .
In the upper band of model A, the power spectra are dominated by the adiabatic inflaton contribution. The quality of the fit, as expressed by the maximum likelihood, is slightly better than for the pure inflaton case with n i = 1, which is not surprising since the curvaton contribution plays a modest role. The CMBR data yield the bound A c < 43.2 × 10 −5 at 95% confidence level. The total TT power on large scales is slightly larger than the pure adiabatic part, which increases the height of the SW plateau relative to the height of the first adiabatic peak. This mimics the impact of a larger z r , and explains why model A prefers a later reionization than the pure inflaton case.
The upper band of model B exhibits a preference for a non-vanishing curvaton amplitude with very high significance (A c = 62.8 ± 10.4). The overall quality of the fit is though worse than for model A (upper band) because this model does not reproduce with enough precision the shape of the first acoustic peak. Furthermore, this model shows a preference for a rather high baryon abundance (ω B ≈ 0.026), which is in strong tension with the value indicated by BBN together with observations of the light elements abundance, which typically yields ω B ≈ 0.020 ± 0.002 [42] .
For the lower band of model A, the quality of the best fit is poor, whereas the lower band of model B is incapable of producing a spectrum in reasonable agreement with the data. Thus, the lower bands of these models are excluded.
So far we have derived parameter constraints for models A and B from the data. The next question is to compare the upper bands of these two models with the pure inflaton scale-invariant model and decide which of these three models is most favored by data. Model comparison is a different issue than parameter extraction and it can very well be that it arrives at a different conclusion. Indeed, it can be that the estimated value of a parameter under a model M 1 is far from the null value predicted by model M 2 , but M 1 is disfavored against M 2 by Bayesian model testing. This is the case for A c in model B (upper band) compared to the pure inflaton model.
To apply Bayesian model testing, we compute the Bayes factor B for models A and B (upper bands) comparing each of them to the pure inflaton model with n i = 1. We find [11] that ln B = −3.9 and −17.1 in the two cases respectively. Thus, model A (upper band) is disfavored against the pure inflaton model with odds of 50 to 1, while model B (upper band) with odds of 10 7 to 1. So, model B (upper band), which predicts a non-zero curvaton contribution to the adiabatic perturbation, is strongly disfavored. On the contrary, model A (upper band), which does not require such a contribution, is only mildly disfavored. However, in view of the fact that it addresses many issues lying outside the scope of the pure inflaton model, such as the strong CP and µ problems, the generation of the BAU and the nature of CDM, we can by no means reject it.
CONCLUSIONS
We studied a SUSY GUT model solving the strong CP and µ problems via a PQ symmetry and leading to standard hybrid inflation. The PQ field acts as curvaton contributing to the curvature perturbation together with the inflaton. The model predicts isocurvature perturbation too of mixed correlation with the adiabatic one. We confronted the predictions of the model with the CMBR data from WMAP, CBI and ACBAR and found that a non-zero curvaton contribution to the adiabatic perturbation is not favored.
